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ABSTRACT
Purpose: Ovarian cancer (OC) is the most lethal gynaecological cancer. Early 
detection is required to improve patient survival. Risk estimation models were 
constructed for Type I (Model I) and Type II (Model II) OC from analysis of Protein 
Z, Fibronectin, C-reactive protein and CA125 levels in prospectively collected samples 
from the United Kingdom Collaborative Trial of Ovarian Cancer Screening (UKCTOCS).
Results: Model I identifies cancers earlier than CA125 alone, with a potential 
lead time of 3-4 years. Model II detects a number of high grade serous cancers at an 
earlier stage (Stage I/II) than CA125 alone, with a potential lead time of 2-3 years 
and assigns high risk to patients that the ROCA Algorithm classified as normal. 
Materials and Methods: This nested case control study included 418 individual 
serum samples serially collected from 49 OC cases and 31 controls up to six years 
pre-diagnosis. Discriminatory logit models were built combining the ELISA results for 
candidate proteins with CA125 levels.
Conclusions: These models have encouraging sensitivities for detecting pre-
clinical ovarian cancer, demonstrating improved sensitivity compared to CA125 alone. 
In addition we demonstrate how the models improve on ROCA for some cases and 
outline their potential future use as clinical tools.
INTRODUCTION
The estimation of cancer risk has the potential to 
improve patient survival through earlier diagnosis and 
treatment.  This approach may prove especially beneficial 
in ovarian cancer (OC) which is largely asymptomatic in the 
early stages. OC can be classified as either Type I or Type II. 
Type I OC includes low grade serous, endometrioid, clear 
cell, and mucinous carcinomas which are generally indolent, 
relatively genetically stable and lack TP53 mutations. 
Type II OC includes high-grade serous and endometrioid, 
undifferentiated carcinomas and carcinosarcomas that 
are highly aggressive, evolve rapidly and display TP53 
mutations in over 80% of cases [1, 2]. The majority of OC 
cases are diagnosed at a late stage, resulting in high case 
fatality. The overall 5 year survival for Stage III & IV is 
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only 23%, making this the most lethal of the gynaecological 
cancers [3–5]. When detected early prognosis is much 
better, with approximately 90% of women diagnosed at 
Stage I surviving five years or more [5]. 
Therefore, there is a clinical need to develop 
strategies which can detect OC early. Serum biomarkers are 
attractive targets for early detection protocols and CA125 
has been widely used in screening trials [6–11]. CA125  has 
limitations of specificity for OC as elevation in serum can 
also occur in pregnancy, endometriosis and menstruation 
[12]. Panels of biomarkers are thought to offer the potential 
for higher discriminatory power. However, recent studies 
which constructed putative biomarker panels with samples 
from the Prostate, Lung, Colorectal and Ovarian (PLCO) 
cancer trial found no improvement in diagnostic power in 
pre-clinical samples [7, 13] leaving CA125 as the single 
best biomarker for OC screening. To improve outcomes for 
OC patients there is a necessity to identify new biomarkers 
and develop risk models, algorithms and clinical protocols 
that are capable of improving on or complementing CA125 
for early detection of OC [14]. Such biomarkers can only 
be identified with initial discovery work carried out in 
prospectively collected sample sets. 
This study has developed two risk based models for 
the early detection of OC. The aim is to assess their utility 
in comparison to the best current biomarker, CA125, 
and to see if they can improve on the Risk of Ovarian 
Cancer Algorithm (ROCA).  The serum samples used in 
this study came from the UKCTOCS cohort of 202,638 
women [9, 15, 16]. This sample set  contained serial pre-
clinical samples for 50,000 of these women providing a 
unique opportunity for pre-clinical biomarker discovery 
targeting early stage OC. The models were constructed 
by analysis of the concentrations of putative biomarkers; 
Protein Z, and   Fibronectin both of which were recently 
identified as  putative biomarkers for ovarian cancer 
[17]. In conjunction with C-reactive protein, identified as 
a potential OC marker from the literature [18, 19]. The 
biomarkers (Protein Z, Fibronectin, C-reactive protein) 
were combined with CA125, in a nested case-control 
study within UKCTOCS to determine if a model including 
four markers would outperform CA125/ROCA-alone. 
The first, Model I was able to detect Type I whilst the 
second, Model II was able to detect Type II OCs. The 
success of the new models to improve over and above 
CA125 and ROCA are measured through several metrics: 
the enhanced discrimination between cases and controls, 
the earlier detection of cases (increased lead time), and in 
improved sensitivity. 
RESULTS
Construction of predictive models
The diagnostic potential of the panels of biomarkers 
were investigated by building separate logistic prediction 
models (logit models) for Type I (Table 1) and Type II 
(Table 2) OC cases. When analysing the sensitivity and 
specificity of the models ROC curves were constructed 
for investigation over two time ranges 0-1 years tDx and 
1-2 years tDx. 
Model I, was trained to identify Type I OC cases. 
The model (Table 1) included protein expression of 
CA125, Fibronectin and Protein Z, age of the women at 
sample collection and interaction terms between each of 
the proteins: Fibronectin and Protein Z, with age. 
Model II, was trained to identify Type II OC 
cases. The model (Table 2) included protein expression 
of CA125, Fibronectin and CRP, age of the women 
at sample collection and interaction terms between 
Fibronectin with age. 
Validation of models by leave-one-out cross 
validation
The models were assessed for overfitting using 
established methodologies for sample sets of this size 
in ovarian cancer research [20–22] using leave-one-out 
cross validation. Samples from each subject in turn were 
excluded from the dataset; the model retrained and logit 
scores predicted for excluded samples. The root mean 
square errors between logit scores predicted for samples 
from models built with them excluded from the model, 
against the complete model, were 0.024 for Type-I and 
0.020 for Type-II demonstrating that the models are 
not overfitted and are robust to exclusion of subsets of 
samples.
Improved descriptive power of models compared 
to model for CA125 alone 
Likelihood ratio tests comparing Model I and Model 
II with nested logit models constructed for CA125 alone 
(logit
CA125
) comparing residual variance using the chi 
square test showed both models fit the data better than 
CA125 alone (Type-I P < 2 × 10-07; Type-II P = 0.018).
Epidemiological factors do not add to models
Likelihood ratio tests comparing expanded 
versions of Model I and Model II, to include additional 
epidemiological factors of BMI and use of the 
contraceptive pill or hormone replacement therapy as 
determined at recruitment, were no better at describing 
the data (Model I P = 0.56 Model II P = 0.051). The 
borderline significant reduction in residual variance in the 
expanded version of Model II was due to contraceptive pill 
use. Lower pill use in the OC cases compared to controls 
in this sample may reflect the known protective effect 
of the pill, crucially the biomarkers are not correlated 
with pill use and so not a biological proxy for a readily 
available epidemiological factor.
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Evaluation of model performance compared to 
CA125 alone
The serial samples span a timeframe up to six years 
pre-diagnosis of OC, this enabled us to analyse both time 
course changes in our Model scores with that of CA125 
alone (the best current biomarker) and ROCA for OC 
cases and to compare Model scores for OC cases with 
those for controls (Figure 1). Lowess linear regression 
analysis of these plots show a much more dramatic shift in 
CA125 velocity within Type II OC subjects (Figure 1 IIA) 
compared to Type I (Figure 1 IA), whilst the controls show 
consistently low and flat expression for the respective 
Model scores across the time course. 
In some control samples (Figure 1 IC and IIC) the 
levels of the markers have shown an increase in risk (a 
Model score closer to 1), however these levels then 
decrease towards the normal range in subsequent serial 
samples. This is consistent with what is seen in the clinical 
setting. By comparison, in true OC cases (Figure 1 IB and 
IIB) when an individual demonstrates an elevation in risk, 
typically this risk continues to increase in subsequent 
serial samples. 
Increased lead time over CA125 alone
Lowess analysis on the OC cases plots (Figure 1 IB 
and IIB) demonstrates that for Type I the inflection point 
in the lowess analysis is about 1000 days (~3 years) time-
to-diagnosis (tDx), and for Type II the inflection point in 
the lowess analysis is ~800 days (~2 years) tDx, these 
precede the inflection points seen with the CA125 levels 
alone which occur at about 400 days (~1 year) tDx. 
Model I outperforms CA125 and ROCA
Area under the curve analysis
ROC curve analysis on samples (Figure 2) was 
carried out for Model I, CA125 alone (logit
CA125
) and 
the ROCA algorithm risk classification, at one year 
(Figure 2A) and two years pre-diagnosis (Figure 2B) 
in order to ascertain if the model improved detection in 
the patient population. For Type I less than one year tDx 
(Figure 2A) Model I AUC, 0.949 (95% CI 0.917-0.982), 
was significantly better than the ROCA AUC, which was 
0.857 (95% CI 0.776-0.939, P = 0.021), and at one to two 
years tDx (Figure 2B), its AUC of 0.808 (95% CI 0.684–
0.933) was significantly better than  ROCA with AUC of 
0.550 (95% CI 0.448-0.653 P < 1 × 10-3)  In both cases 
Model I gave a higher AUC than logit
CA125
 alone although 
in neither case was this significant.
The improvement in risk estimate provided by 
Model I can be further understood by comparing the 
risk score for each sample as predicted by Model I 
against logit
CA125
 (Figure 2C) and ROCA classifications 
(Figure 2D). The majority (119 of 145) of control samples 
have lower scores in Model I compared to that for CA125 
which confirms the model’s superior discriminatory power 
for the separation of OC cases and control. For Model I a 
high number of OC cases approaching diagnosis have logit 
scores near unity (1.0). At 98% specificity, of the 85 Type 
Table 1: Model I, with coefficients for each variable, the standard error of the estimate and P value
Coefficient Standard Error P value LOO Standard Deviation
(Intercept) −3.53 1.25 0.005 0.28
CA125 3.74 1.32 0.005 0.35
PROZ 2.90 1.30 0.026 0.31
FINC −1.50 0.89 0.093 0.31
Age 0.01 0.08 0.948 0.03
PROZ × Age −0.67 0.22 0.003 0.06
FINC × Age 1.21 0.45 0.007 0.12
Table 2: Model II, with coefficients for each variable, the standard error of the estimate and P value 
Coefficient Standard Error P value LOO Standard Deviation
(Intercept) −1.85 0.58 0.001 0.13
CA125 2.53 0.66 0.000 0.13
Age −0.02 0.09 0.816 0.02
FINC 0.53 0.41 0.197 0.10
CRP 0.59 0.32 0.065 0.05
FINC × Age 0.26 0.11 0.023 0.02
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I samples, Model I (score > 0.96) detected 27 samples 
from 11 (64%) women, at the same specificity logit
CA125 
(score > 0.74) detected 17 samples from 8 (47%) women 
(Figure 2C). The cases identified by Model I include 3 
endometriod, 5 serous, 2 clear cell and 1 adenocarcinoma 
whereas the cases identified by logit
CA125
 include 4 
endometriod, 2 serous and 2 clear cell. Of these individuals 
Model I identified 10 diagnosed at stage I and 1 at stage II 
whereas logit
CA125
 identified 7 diagnosed at stage I and 1 at 
stage 2. Thus Model I is capable of identifying more OC 
cases, particularly at stage I, than logit
CA125
.
Model score lead time comparison
The improvement in lead time achieved by Model 
I over logit
CA125
 is further illustrated by comparing the 
cumulative detection of cases over time approaching 
diagnosis, by finding the earliest in an unbroken chain of 
OC cases crossing the 98% threshold of the model from 
the samples closest to diagnosis (Figure 3A). This shows 
the 11 women with Type I OC are detected substantially 
earlier than by logit
CA125
. 
Model II outperforms logit CA125 and ROCA
Area under the curve analysis
The ROC curve analysis for Type II OC (Figure 4A) 
demonstrated that Model II was comparable to both 
logit
CA125 
and ROCA, less than one year tDx with AUCs of 
0.944, 0.926 and 0.950 respectively. Similarly for one to 
two years to diagnosis (Figure 4B) the AUCs were 0.638, 
0.546 and 0.669 respectively. As with Model I the majority 
of controls (99 of 145) are given lower scores by Model 
II than for CA125 alone which confirms this model’s 
superior discriminatory power for the separation of OC 
cases and control. 
Model II risk estimates are consistently higher 
than logit
CA125 
risk estimates, demonstrating the models 
superiority. Within the model scores Type II OC cases 
(Figure 4C, coloured symbols) were given higher scores 
than logit
CA125
 particularly as they approach diagnosis. At 
a specificity of 98% (0.76 logit score), of the 158 Type II 
samples, Model II detected 54 samples from 24 women 
(16 with high grade serous, 3 with endometrioid, 3 
Figure 1: Risk models outperform CA125 for Type I and Type II ovarian cancer. (I) Analysis of Type I ovarian cancer patients 
(IA) Loess linear regression analysis of trends in CA125 levels in Type I subjects. The grey shaded areas represent a moving estimate of 
the 80% percentile range of expression. The thick black line represents the trend in the data identified by the Lowess analysis. (IB) Lowess 
linear regression analysis of the Model I for Type I subjects. Ovarian cancer patients are represented by circles and individual patient levels 
over time are shown by connected circle. The thick black line represents the trend in the data identified by the Loess analysis. Notice the 
dramatic and sequential rise in risk estimate as Type I subjects approach diagnosis. (IC) Lowess linear regression analysis of Model I for 
control subjects. Control patients are represented by circles and individual patient levels over time are shown by connected circle. The 
thick black line represents the trend in the data identified by the Lowess analysis. (II) Analysis of Type II ovarian cancer patients (IIA) 
Lowess linear regression analysis of trends in CA125 levels in Type II subjects. The grey shaded area represents a moving estimate of the 
80% percentile range of expression. The thick black line represents the trend in the data identified by the Lowess analysis. (IIB) Lowess 
linear regression analysis of Model II for Type II subjects. Ovarian cancer patients are represented by circles and individual patient levels 
over time are shown by connected circle. The thick black line represents the trend in the data identified by the Loess analysis. Notice the 
dramatic and sequential rise in risk estimate as Type II subjects approach diagnosis. (IIC) Lowess linear regression analysis of the Model II 
for control subjects. Control patients are represented by circles and individual patient levels over time are shown by connected circle. The 
thick black line represents the trend in the data identified by the Lowess analysis.
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with adenocarcinoma and 2 with papillary serous 
cystadenocarcinoma OC). Whereas at the same 98% 
specificity logit
CA125
 (score > 0.72) detected 43 samples 
from 22 women (15 with high grade serous, 2 with 
endometrioid, 3 with adenocarcinoma and 2 with papillary 
serous cystadenocarcinoma OC). 
Model score lead time comparison
Within the additional 11 samples detected at 98% 
specificity by Model II, one was an additional high grade 
serous and endometrioid case diagnosed at Stage III that 
were previously missed by logit
CA125
. It can also be seen 
that the 24 women are detected earlier by Model II than 
by logit
CA125
 (Figure 3B). 
Comparison with ROCA (Figure 4D) shows five 
high grade serous OC samples from a single woman and 
one high grade endometriod (red and blue symbols) which 
Model II identified by high scores (Figure 4D) which were 
previously classified as “normal” by ROCA. Both these 
cancers were diagnosed at stage III. The endometriod 
cancer was not diagnosed in the time covered by our 
sample set (6 years). The serous case was first identified by 
ROCA 140 days tDx, whereas every single sample in our 
sample set for this individual crossed the 99th percentile 
threshold for Model II, from 501 days tDx and as far out 
Figure 2: Model I performance compared to CA125 and ROCA. (A) Type-I ROC curves for less than one year tDx. (B) Type-I 
ROC curves for one to two years tDx. (C)  Comparisons between Model I scores and logit
CA125
. (D) Comparisons between Model I scores 
and ROCA.
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as 2008 days tDx. Perhaps representing the detection of 
a cancer developing slowly through stage I and II over a 
number of years. This demonstrates the power of Model II 
to detect OC cases that the ROCA approach either detects 
later or importantly does not detect.
Risk models as triage tool for symptomatic 
women
The models as outlined above are suitable for 
application in a screening programme context where they 
require an initial sample to be taken against which velocity 
of change in protein expression may be calculated. 
A potential alternative application of this biomarker 
panel, once it has undergone further validation, would be 
as a triage tool for clinicians to assess, from a single blood 
sample, whether a symptomatic patient is at low or high risk 
of OC. In this context it may be a useful tool on its own or 
potentially in combination with current protocols used for 
differential diagnosis of an adnexal mass in symptomatic 
patients such as OVA1[23] or ROMA [10, 24]. 
Within the current study we cannot directly compare 
the advantages and disadvantages of our results with 
ROMA and or indeed OVA1 , as stated above both were 
designed for differential diagnosis of an adnexal mass 
in symptomatic patients. The UKCTOCS study was not 
directed at symptomatic high risk populations but rather 
as a general screening tool. 
However, given that OVA1[23] and ROMA [10, 24] 
algorithms give significant weighting to CA125 levels, 
our models can be adapted (as described in methods) and 
assessed to ascertain, if from the measurement of a single 
sample, they can improve on CA125 alone.
To test this we combined the models (Supplementary 
Figure S1) into a schema in which a threshold was set for 
each model, setting the specificity at > 98% for that model 
(logit score 0.90  for Model I and 0.77 for Model II), so 
that should a patient sample exceed the specified threshold 
on either model, they would be considered at high risk of 
OC. A follow up sample could then be taken and if the risk 
was still high they could be sent for further investigations, 
for example, transvaginal ultrasonography (TVS).
The performance of the triage algorithm 
(Supplementary Figure S1) was assessed by comparing 
the earliest in an unbroken chain of OC cases breaching 
either the Model I or Model II threshold, or the CA125 
clinical threshold of 35 U/mL (Figure 5) The results are 
presented as Type I vs CA125, Type II vs CA125 and as 
combined ovarian cancer (triage algorithm) vs CA125. In 
each comparison the model threshold protocol was able 
to identify OC cases earlier than CA125. The specificity 
of the protocol determined from all control samples was 
95%. The triage tool significantly outperforms CA125 
in terms of sensitivity particularly for Type II cases. The 
sensitivity of the algorithm compared to CA125 at 3, 6, 9 
and 12 months tDx are shown in Table 3 for Type I, Type 
II and combined ovarian cancer (triage algorithm).
DISCUSSION
Using serial samples from UKCTOCS, we 
developed two risk models that demonstrate superior 
Figure 3: Risk Models detect OC earlier than CA125-Plot showing the cumulative diagnosis of OC cases. (A) Model I 
diagnosis of Type I cases (grey) compared to logit
CA125
 (light grey). (B) Model II diagnosis of Type II cases (black) compared with logit
CA125
 
(light grey). Model I diagnoses cases substantially earlier than logit
CA125
. Model II diagnoses several samples earlier than logit
CA125
.
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clinical performance for OC risk prediction over CA125 
alone and ROCA. Leave-one-out analysis of models 
indicates the models are robust to sample exclusion and 
not over fitted to the dataset. Between them Models I and 
II incorporate four proteins: CA125, Protein Z, Fibronectin 
and C-reactive protein, and interaction terms between 
Protein Z and fibronectin with age. Of the four proteins 
CA125 is the current best biomarker used in clinical 
practise [6–11]. C-reactive protein is also known to be 
associated with ovarian cancer [18, 19] as well as having a 
general association with injury and infectious disease [25]. 
The role of Fibronectin and Protein Z in ovarian cancer is 
less well defined. Fibronectin provides a substrate in the 
extracellular matrix for cell adhesion and migration [26] 
Table 3: Table of sensitivities obtained for the triage algorithm for  Type I, Type II and combined 
OC cases for the indicated tDx
Sensitivity Models I and II Sensitivity logitCA125 
Month tDx Type I Type II Combined OC Type I Type II Combined OC
< 3 0.53 0.83 0.72 0.53 0.53 0.53
3–6 0.53 0.6 0.57 0.47 0.3 0.34
6–9 0.41 0.53 0.45 0.24 0.2 0.21
9–12 0.3 0.33 0.3 0.24 0.13 0.17
Figure 4: Model II performance compared to CA125 and ROCA. (A) Type-II ROC curves for less than one year tDx. (B) 
Type-II ROC curves for one to two years tDx. (C)  Comparisons between Model II scores and logit
CA125
. (D) Comparisons between Model 
II scores and ROCA.
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playing a critical role in healthy development and wound 
healing. It has been found in elevated concentrations in 
the vicinity of tumours including those of breast [27] and 
ovarian [28] cancer where its elevation indicates poorer 
prognosis, presumably because it facilitates cancer cell 
invasion of surrounding tissues [29]. 
Protein Z is part of the haemostatic system in which 
it supresses clot formation by deactivating factor X in 
combination with its partner protein Z protease inhibitor 
[30]. Haemostatic system inhibitors are known to play 
a role in determining the malignancy of cancers [31]. 
Protein Z has previously been found down regulated in 
patients diagnosed with acute leukaemia compared with 
controls [32], but has also been found to be upregulated in 
tissues of gastric [33], breast [34] and colon [35] cancers. 
It is possible the down regulation of serum Protein Z 
reflects sequestration to the tumour site where it may 
prevent coagulation. 
ROC, area under the curve, analysis confirms that 
Model I outperforms CA125 and ROCA in both specificity 
and sensitivity. Model I returns higher risk scores for OC 
cases and importantly it is able to identify some cases 
that either CA125 or ROCA detected later, or not at all. 
Lowess analysis demonstrates that the inflection point at 
which scores for women with Type I tumours start to rise 
is approximately 1000 days (~3 years) tDx, compared to 
400 days (~1 year) tDx for CA125 alone. Furthermore, the 
lowess trend for control subject scores does not rise. Model 
I can discriminate between OC cases and controls, and it 
does so earlier in the disease process than CA125 alone. 
The Type I model had better AUC than both ROCA and 
logit
CA125
, offering the potential to detect Type I OC cases 
with greater sensitivity and specificity than is currently 
possible, even one to two years tDx. When considering 
lead time, women enrolled in UKCTOCS were likely to 
be detected on average 1–2 years before they would have 
been clinically. Therefore, Model I potentially offers a lead 
time of 3 to 4 years for Type I OC.
Model II outperforms both CA125 and ROCA 
for the detection of Type II OC. Whilst the ROC curves 
suggest similar performance to a model based on CA125 
alone (logit
CA125
) and ROCA, crucially Model II returns 
higher risk scores for OC cases and importantly it is 
able to identify some cases that either CA125 or ROCA 
detected later. Comparisons of Model II and logit
CA125 
scores show Model II assigns higher scores, and is 
therefore more confident in its identification of a set of 
54 samples from 24 women (16 with high grade serous, 
3 with endometrioid, 3 with adenocarcinoma and 2 with 
papillary serous cystadenocarcinoma OC) with 6 of these 
diagnosed at stage I and 7 at stage II. 
Cumulative diagnostic plots show Model II 
consistently identifies cases earlier than logit
CA125
. Lowess 
analysis demonstrates that the inflection point where 
Figure 5: Risk Models detect OC earlier than CA125 in triage algorithm- Plot of the cumulative diagnosis of OC 
cases using the triage algorithm. (A) Type I cases only (grey), (B) Type II cases only (grey) and (C) Combined OC cases (grey), 
plotted against the CA125 > 35 U/mL clinical threshold (light grey). For Type I cases the algorithm identifies many more samples at much 
earlier time points. For Type II cases the algorithm also detects OC cases much earlier than the CA125 threshold. The patterns continue for 
combined OC.
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scores for women with Type II tumours start to rise is 
approximately 800 days (~2 years) tDx, compared to 
400 days (~1 year) tDx for CA125. Furthermore, the 
lowess trend for control subject scores shows near flat 
expression. Significantly, Model II can discriminate 
between OC cases and controls and it does so earlier 
in the disease process than CA125 alone and therefore 
potentially offers a lead time of 2 to 3 years pre-diagnosis.
The comparison with ROCA is more problematic 
as the OC cases in the UKCTOCS study were identified 
by this method, which means that the sample population 
almost certainly overestimates ROCA’s performance 
in a general population. This is substantiated by the 
greater ROCA AUC observed at less than one year prior 
to diagnosis for our sample set 0.950 (95% CI: 0.914–
0.986) compared with that of the entire UKCTOCS trial 
dataset 0.915 (95% CI: 0.883-0.946). Despite this, a 
similar discrimination is seen for the Type II cases when 
comparing Model II with ROCA as was seen for the 
comparison with CA125 alone.
For Model II, 6 OC samples, 5 high grade serous 
(serial samples from a single case) and one endometriod, 
were classified as ‘normal’ by ROCA. However, these 
cases were given high scores by Model II indicating that 
for some aggressive OC cases Model II has the potential 
to detect them earlier than ROCA. Within Model II a 
small number of control samples were assigned elevated 
scores. This would not be problematic in a screening 
context, as one can see from the serial analysis of these 
control samples that their levels return to normal after 
a single elevated score. However, for OC patients once 
there is an increase in the score this continues to rise in 
subsequent serial samples. This would be accommodated 
in a screening protocol by having a follow up confirmatory 
sample.
Both Models demonstrate the potential for use as 
triage tools for women presenting with symptoms of OC 
or a pelvic mass (Supplementary Figure S1). The models 
could be used either on their own or in combination 
with established algorithms such as OVA1 or ROMA. A 
high risk score on either model would result in a follow 
up sample being taken if this was still high then further 
investigation for suspected OC should follow; a low risk 
score would encourage the clinician to consider alternative 
diagnoses. 
We have developed two risk models based on 
panels of serum biomarkers that outperform CA125 in 
the detection of both Type I and Type II OC. Model II 
identifies the biologically aggressive Type II OC at an 
earlier stage than CA125 alone, offering the potential 
for earlier diagnosis and improved survival for women 
with this poor prognosis disease. The panels proposed 
here, whilst impressive, require further validation in a 
larger, independent sample set, containing samples from 
patients with benign ovarian tumours and other diseases in 
order to add confidence in their utility as screening tools. 
However, in the current context they add significantly to 
the knowledge in the field of early detection biomarkers 
for OC and move us closer to the identification of 
biomarker panels and risk models for the early detection 
and diagnosis of OC. 
MATERIALS AND METHODS
Study population
This study analysed 418 prospectively collected 
serial serum samples from women in the UKCTOCS 
[9, 15, 16] (ISRCTN22488978; NCT00058032), a 
randomised control trial designed to assess the effect of 
screening on mortality[15]. Over 202,000 women from 13 
centres across the UK were recruited and separated into 
three cohorts for investigation. The research presented 
here used serum samples collected from women in the 
multimodal screening arm of UKCTOCS, which consisted 
of > 50,000 women who had serial serum samples taken 
over a ten year period. UKCTOCS also collected detailed 
epidemiological data from health questionnaires and 
clinical data for OC cases including tumour classification, 
morphology and stage at diagnosis. 
The serum set investigated here comprised eighty 
women from the multimodal group of UKCTOCS; 
49 diagnosed with invasive epithelial (9 Type I and 30 
Type II) and borderline (10) (as with previous studies we 
grouped borderline tumours with Type I for analysis) [17, 
36-38] and thirty one controls matched to the Type II OC 
cases by age, collection centre and date. A study design 
flowchart is presented for this cohort in Supplementary 
Figure S2  and information on baseline characteristics 
can be found in Table 4 and Supplementary Table S1 
[17]. This set contained all of the invasive ovarian cancer 
samples available that had serial samples spanning less 
than 14 months to diagnosis right through to greater 
than 32 months and up to 72 months to diagnosis. Two 
control women were excluded because they went on to 
develop either skin or breast cancer. One Type I sample 
was excluded because only two samples were available 
so that only a single sample was available after scaling 
to the first sample. A second Type I subject was removed; 
as the single example of Papillary serous cystadenoma 
borderline malignancy in the sample set it was diagnosed 
at stage Ia and did not display any elevation in CA125 and 
therefore effectively behaved as a control over the time 
window of analysis.
ELISA assays
Candidate biomarkers: Fibronectin and C-reactive 
protein (uniprot accession numbers: P02751 and P02741 
respectively) were quantified in all 418 serum samples by 
ELISA kit assays (Abcam, Cambridge, UK) according to 
manufacturer’s instructions, duplicate readings, average 
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CV’s were 5% and 4.3% respectively. Protein Z serum 
values (uniprot accession numbers: P22891) for all 
samples were available from a study we recently carried 
out [17]. Serum CA125 levels were available as part of 
UKCTOCS for the set as previously described [9].
ROCA classification
CA125 results within UKCTOCS were interpreted 
using the ROCA algorithm [11, 39]. All women randomised 
to the multimodal group of the trial underwent annual 
CA125 testing and based on the ROCA classification, they 
were either returned to annual screening (if their risk was 
normal) or triaged to repeat CA125 testing in three months 
(if intermediate risk) or repeat CA125 and transvaginal 
ultrasound in six weeks (if elevated risk) [9, 15, 16]. 
Those with persistently elevated risk were sent for clinical 
assessment with a view to surgery. The trial protocol is 
detailed elsewhere [9, 15, 16].
Data analysis
Data was processed, analysed, and figures produced 
using the R (3.2.4) statistical environment (www.r-project.
org), all P values are two-sided. All protein abundances 
were normalised to that of the earliest collected sample (as 
with established biomarker longitudinal analysis (ROCA 
[8]), velocity rather than absolute levels of biomarkers 
were the basis of models), log transformed and scaled to 
unit variance. In order to keep variables at comparable 
magnitudes the age of the women at sample collection was 
rescaled by subtracting the median age in the data set. The 
controls were matched to the Type II OC cases by age, 
collection centre and date. As controls do not have a time 
to diagnosis, for comparison with cases, samples from the 
control women were allocated a tDx value so that the last 
sample for each control was matched to the last sample 
from the matched case.
Logit regression returns the probability that a given 
subject is a case rather than a control. Here separate 
multivariable logistic regression models for Type I and 
Type II OC cases against the shared controls were built 
to assess the additional contribution candidate biomarkers 
might make as part of a diagnostic panel. 
For each OC type a logit model was trained on OC 
cases less than 400 days to diagnosis, (chosen as this 
was the point at which CA125 began to elevate in OC 
cases), against matched controls, by analysis of the levels 
of the putative biomarker panel and selected interactions 
between age and panel members.
The models were assessed for overfitting using 
established methodologies for sample sets of this size in 
ovarian cancer research [20–22], by leave-one-out cross 
validation. This confirmed the stability of the model’s 
coefficients and the logit odds of the excluded samples. 
Models were compared with nested alternatives 
by likelihood ratio tests of the residual variance with 
the chi-squared test. The improved descriptive power 
of the putative panel over CA125 alone was confirmed 
by eliminating all terms bar CA125 from Models I 
and II. The possibility that the epidemiological factors 
such as body mass index (BMI), hormone replacement 
therapy (HRT) or the contraceptive pill affected the 
model was excluded by training an expanded version 
of each of model I and model II which included these 
epidemiological factors.  
Table 4: Information on the OC sample population used within the study including, type, 
morphology and stage at diagnosis
Number
Cancer Type All Stage I Stage II Stage III
Type I 19 16 2 1
 Borderline 10 10 . .
  Serous 6 6 . .
  Mucinous 2 2 . .
  Endometrioid 2 2 . .
 Invasive 9 6 2 1
  Low grade endometrioid 5 3 1 1
  Clear cell 3 2 1 .
  Adenocarcinoma 1 1 . .
Type II 30 7 8 15
High grade serous 23 5 6 12
High grade endometrioid 3 1 1 1
Carcinosarcoma 1 . . 1
Adencarcinoma 3 1 1 1
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Predictive power of the biomarker panel models 
in terms of specificity and sensitivity was compared 
with ROC curve analysis against the UKCTOCS ROCA 
classification and prediction based on CA125 levels alone 
using the pROC package in R [40] for the time periods 
0–1 years tDx and 1–2 years tDx.   
A ‘potential future’ alternative application of this 
biomarker panel may be as a triage tool for clinicians to 
assess, from a single blood sample, whether a symptomatic 
patient is at low or high risk of OC. The models outlined 
above were adapted for this purpose, by normalising the 
expression of each protein to the median level observed 
in the controls, rather than the initial sample taken from a 
subject, producing a model applicable to a single sample, 
such as would be obtained in primary care. The models 
were again trained as outlined above.
Cumulative diagnostic plots were created by 
plotting accumulated diagnosis against tDx. In order to 
exclude false positive diagnosis that might inflate the 
diagnosis rate, an unbroken chain of positive diagnosis 
were required between a positive diagnosis and the last 
two samples acquired prior to diagnosis.
ACKNOWLEDGMENTS
We would like to thank all the women taking part in 
UKCTOCS and all the nursing, medical and administrative 
staff working on the trial.
CONFLICTS OF INTEREST
The authors declare the following potential conflicts 
of interest. Both I.J. and U.M. have a financial interest 
through UCL Business and Abcodia Ltd in the commercial 
use of UKCTOCS samples. I.J. is a Non-Executive 
Director and Consultant to Abcodia Ltd and a Director of 
Women’s Health Specialists Ltd. I.J. is a co-inventor of 
the ROCA algorithm and has rights to a potential royalty 
stream from the owners of the algorithm MGH and QMUL 
universities.
GRANT SUPPORT
This work was made possible by funding for staff, 
reagents and equipment for the PROMISE (Predicting 
Risk of Ovarian Malignancy in Screening and Early 
Detection) programme jointly provided from 2011 to 2015 
by the Eve Appeal charity and by Cancer Research UK 
(grant award C1005/A12677).
UKCTOCS and biomarker analysis was funded 
by the Medical Research Council, Cancer Research UK, 
and the Department of Health with additional support 
from the Eve Appeal, Special Trustees of Bart’s and the 
London, and Special Trustees of UCLH.  M.R. was funded 
by CRUK and A.D’A. was funded by the Eve appeal. 
A.D.W. was supported by the Manchester Experimental 
Cancer Medicine Centre (grant award C1467/A15578), 
Bloodwise and Cancer Research UK. I.J. was a National 
Institute of Health Research (NIHR) Senior Investigator.
REFERENCES
 1. Kurman RJ, Shih I-M. The Origin and Pathogenesis of 
Epithelial Ovarian Cancer-a Proposed Unifying Theory. Am 
J Surg Pathol. 2010; 34:433–443.
 2. Shih I-M, Kurman RJ. Ovarian Tumorigenesis: A Proposed 
Model Based on Morphological and Molecular Genetic 
Analysis. Am J Pathol. 2004; 164:1511–1518.
 3. Hüttenhain R, Soste M, Selevsek N, Röst H, Sethi A, 
Carapito C, Farrah T, Deutsch EW, Kusebauch U, 
Moritz RL, Niméus-Malmström E, Rinner O, Aebersold R. 
Reproducible Quantification of Cancer-Associated Proteins 
in Body Fluids Using Targeted Proteomics. Sci Transl Med. 
2012; 4:142ra194.
 4. Nolen BM, Lokshin AE. Protein biomarkers of ovarian 
cancer: the forest and the trees. Future Oncol. 2011; 8:55–71.
 5. CRUK. Ovarian Cancer Survival statistics.
 6. Bristow RE, Smith A, Zhang Z, Chan DW, Crutcher G, 
Fung ET, Munroe DG. Ovarian malignancy risk 
stratification of the adnexal mass using a multivariate index 
assay. Gynecol Oncol. 2013; 128:252–259.
 7. Cramer DW, Bast RC, Jr., Berg CD, Diamandis EP, 
Godwin AK, Hartge P, Lokshin AE, Lu KH, McIntosh MW, 
Mor G, Patriotis C, Pinsky PF, et al. Ovarian cancer 
biomarker performance in prostate, lung, colorectal, and 
ovarian cancer screening trial specimens. Cancer Prev Res. 
2011; 4:365–374.
 8. Drescher CW, Shah C, Thorpe J, O’Briant K, Anderson GL, 
Berg CD, Urban N, McIntosh MW. Longitudinal screening 
algorithm that incorporates change over time in CA125 
levels identifies ovarian cancer earlier than a single-
threshold rule. J Clin Oncol. 2013; 31:387–392.
 9. Menon U, Gentry-Maharaj A, Hallett R, Ryan A, Burnell M, 
Sharma A, Lewis S, Davies S, Philpott S, Lopes A, 
Godfrey K, Oram D, Herod J, et al. Sensitivity and specificity 
of multimodal and ultrasound screening for ovarian cancer, 
and stage distribution of detected cancers: results of the 
prevalence screen of the UK Collaborative Trial of Ovarian 
Cancer Screening (UKCTOCS). Lancet Oncol. 2009; 
10:327–340.
10. Moore RG, McMeekin DS, Brown AK, DiSilvestro P, 
Miller MC, Allard WJ, Gajewski W, Kurman R, Bast Jr RC, 
Skates SJ. A novel multiple marker bioassay utilizing HE4 
and CA125 for the prediction of ovarian cancer in patients 
with a pelvic mass. Gynecol Oncol. 2009; 112:40–46.
11. Skates SJ. OCS: Development of the Risk of Ovarian 
Cancer Algorithm (ROCA) and ROCA screening trials. Int 
J Gynecol Cancer. 2012; 22:S24-S26.
12. Jacobs I, Bast RC. The CA 125 tumour-associated antigen: 
a review of the literature. Hum Rep. 1989; 4:1–12.
Oncotarget796www.impactjournals.com/oncotarget
13. Zhu CS, Pinsky PF, Cramer DW, Ransohoff DF, Hartge P, 
Pfeiffer RM, Urban N, Mor G, Bast RC, Moore LE, 
Lokshin AE, McIntosh MW, Skates SJ, et al. A Framework 
for Evaluating Biomarkers for Early Detection: Validation 
of Biomarker Panels for Ovarian Cancer. Cancer Prev Res. 
2011; 4:375–383.
14. Maringe C, Walters S, Butler J, Coleman MP, Hacker N, 
Hanna L, Mosgaard BJ, Nordin A, Rosen B, Engholm G, 
Gjerstorff ML, Hatcher J, Johannesen TB, et al. Stage at 
diagnosis and ovarian cancer survival: evidence from the 
International Cancer Benchmarking Partnership. Gynecol 
Oncol. 2012; 127:75–82.
15. Menon U, Gentry-Maharaj A, Ryan A, Sharma A, 
Burnell M, Hallett R, Lewis S, Lopez A, Godfrey K, 
Oram D, Herod J, Williamson K, Seif M, et al. Recruitment 
to multicentre trials—lessons from UKCTOCS: descriptive 
study. BMJ. 2008; 337.
16. Menon U, Ryan A, Kalsi J, Gentry-Maharaj A, Dawnay A, 
Habib M, Apostolidou S, Singh N, Benjamin E, Burnell M, 
Davies S, Sharma A, Gunu R, et al. Risk Algorithm Using 
Serial Biomarker Measurements Doubles the Number 
of Screen-Detected Cancers Compared With a Single-
Threshold Rule in the United Kingdom Collaborative Trial 
of Ovarian Cancer Screening. J Clin Oncol. 2015.
17. Russell MR, Walker MJ, Williamson AJK, Gentry-Maharaj A, 
Ryan A, Kalsi J, Skates S, D’Amato A, Dive C, Pernemalm M, 
Humphryes PC, Fourkala E-O, Whetton AD, et al. Protein Z: A 
putative novel biomarker for early detection of ovarian cancer. 
Int J Cancer. 2016; 138:2984–2992.
18. Nolen BM, Lokshin AE. Protein biomarkers of ovarian 
cancer: the forest and the trees. Future Oncol. 2012; 8:55–71.
19. Hefler-Frischmuth K, Hefler LA, Heinze G, Paseka V, 
Grimm C, Tempfer CB. Serum C-reactive protein in the 
differential diagnosis of ovarian masses. Eur J Obstet 
Gynecol Reprod Biol. 2009; 147:65–68.
20. Berchuck A, Iversen ES, Lancaster JM, Pittman J, Luo J, 
Lee P, Murphy S, Dressman HK, Febbo PG, West M, 
Nevins JR, Marks JR. Patterns of Gene Expression That 
Characterize Long-term Survival in Advanced Stage Serous 
Ovarian Cancers. Clin Cancer Res. 2005; 11:3686–3696.
21. Gillet J-P, Calcagno AM, Varma S, Davidson B, Bunkholt 
Elstrand M, Ganapathi R, Kamat AA, Sood AK, 
Ambudkar SV, Seiden MV, Rueda BR, Gottesman MM. 
Multidrug Resistance–Linked Gene Signature Predicts 
Overall Survival of Patients with Primary Ovarian Serous 
Carcinoma. Clin Cancer Res. 2012; 18:3197–3206.
22. O’Connor JPB, Rose CJ, Jackson A, Watson Y, Cheung S, 
Maders F, Whitcher BJ, Roberts C, Buonaccorsi GA, 
Thompson G, Clamp AR, Jayson GC, Parker GJM. DCE-
MRI biomarkers of tumour heterogeneity predict CRC 
liver metastasis shrinkage following bevacizumab and 
FOLFOX-6. Br J Cancer. 2011; 105:139–145.
23. Bristow RE, Smith A, Zhang Z, Chan DW, Crutcher G, 
Fung ET, Munroe DG. Ovarian malignancy risk 
stratification of the adnexal mass using a multivariate index 
assay. Gynecol Oncol. 2013; 128:252–259.
24. Chudecka-Głaz AM. ROMA, an algorithm for ovarian 
cancer. Clinica Chimica Acta. 2015; 440:143–151.
25. Pepys MB, Hirschfield GM. C-reactive protein: a critical 
update. J Clin Invest. 2003; 111:1805–1812.
26. Pankov R, Yamada KM. Fibronectin at a glance. Journal of 
Cell Science. 2002; 115:3861–3863.
27. Fernandez-Garcia B, Eiro N, Marin L, Gonzalez-
Reyes S, Gonzalez LO, Lamelas ML, Vizoso FJ. 
Expression and prognostic significance of fibronectin 
and matrix metalloproteases in breast cancer metastasis. 
Histopathology. 2014; 64:512–522.
28. Frankie FE, Von Georgi R, Zygmunt M, Münstedt K. 
Association between Fibronectin Expression and Prognosis 
in Ovarian Carcinoma. Anticancer Res. 2003; 23:4261–4267.
29. Yousif NG. Fibronectin promotes migration and invasion of 
ovarian cancer cells through up-regulation of FAK–PI3K/
Akt pathway. Cell Biol Int. 2014; 38:85–91.
30. Broze GJ. Protein Z-dependent regulation of coagulation. 
J Thromb Haemost. 2001; 86:8–13.
31. Wojtukiewicz MZ, Sierko E, Kisiel W. The role of 
hemostatic system inhibitors in malignancy. J Thromb 
Haemost. 2007; 33:621–642.
32. Galar M, Piszcz J, Bolkun L, Szumowska A, Kloczko J. 
Protein Z Concentrations in Patients With Acute Leukemia. 
Clin Appl Thromb Hemost. 2012; 18:542–545.
33. Sierko E, Wojtukiewicz MZ, Zimnoch L, Tokajuk P, 
Ostrowska-Cichocka K, Kisiel W. Protein Z/protein 
Z-dependent protease inhibitor system in loco in human 
gastric cancer. Ann Hematol. 2014; 93:779–784.
34. Sierko E, Wojtukiewicz MZ, Zimnoch L, Tokajuk P, 
Kisiel W. Protein Z is present in human breast cancer tissue. 
Int J Hematol. 2011; 93:681–683.
35. Sierko E, Wojtukiewicz MZ, Zimnoch L, Tokajuk P, 
Ostrowska-Cichocka K, Kisiel W. Co-localization of 
Protein Z, Protein Z-Dependent protease inhibitor and 
coagulation factor X in human colon cancer tissue: 
Implications for coagulation regulation on tumor cells. 
Thromb Res. 2012; 129:E112-E118.
36. Shih IM, Kurman RJ. Ovarian tumorigenesis-A proposed 
model based on morphological and molecular genetic analysis. 
American Journal of Pathology. 2004; 164:1511–1518.
37. Wu R, Baker SJ, Hu TC, Norman KM, Fearon ER, Cho KR. 
Type I to Type II Ovarian Carcinoma Progression: Mutant 
Trp53 or Pik3ca Confers a More Aggressive Tumor 
Phenotype in a Mouse Model of Ovarian Cancer. Am J 
Pathol. 2013; 182:1391–1399.
38. Kurman RJ, Shih I-M. The Dualistic Model of Ovarian 
Carcinogenesis: Revisited, Revised, and Expanded. Am J 
Pathol. 2016; 186:733–747.
39. Skates SJ, Menon U, MacDonald N, Rosenthal AN, 
Oram DH, Knapp RC, Jacobs IJ. Calculation of the risk of 
Oncotarget797www.impactjournals.com/oncotarget
ovarian cancer from serial CA-125 values for preclinical 
detection in postmenopausal women. J Clin Oncol. 2003; 
21:206s–210s.
40. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, 
Sanchez J-C, Muller M. pROC: an open-source package 
for R and S+ to analyze and compare ROC curves. BMC 
Bioinformatics. 2011; 12:77.
